, leading to neurological deficits and cognitive impairment. Studies in mouse models of DS suggest that cognitive deficits in the adult are associated with deficits in synaptic learning and memory mechanisms, but it is unclear whether alterations in the early wiring and refinement of neuronal circuits contribute to these deficits. Here, we show that early developmental refinement of visual circuits is perturbed in mouse models of Down syndrome. Specifically, we find excessive eye-specific segregation of retinal axons in the dorsal lateral geniculate nucleus. Indeed, the degree of refinement scales with defects in the "Down syndrome critical region" (DSCR) in a dose-dependent manner. We further identify Dscam (Down syndrome cell adhesion molecule), a gene within the DSCR, as a regulator of eye-specific segregation of retinogeniculate projections. Although Dscam is not the sole gene in the DSCR contributing to enhanced refinement in trisomy, Dscam dosage clearly regulates cell spacing and dendritic fasciculation in a specific class of retinal ganglion cells. Thus, altered developmental refinement of visual circuits that occurs before sensory experience is likely to contribute to visual impairment in individuals with Down syndrome.
Introduction
Down syndrome (DS) is the most prevalent genetically defined cause of intellectual disabilities, affecting ϳ1 of 700 live births in the industrialized world (Pulsifer, 1996) . It has a complex etiology arising from the triplication of ϳ300 genes on chromosome 21 (Gardiner et al., 2003) . Individuals with DS exhibit a number of developmental abnormalities, including smaller brains and dysplasia of the cortex, hippocampus, and cerebellum (Coyle et al., 1986) . These changes are associated with mild to moderate cognitive impairment and deficits in sensory function (Nadel, 2003) . Early studies revealed significant stunting of dendritic arbors and spine dysgenesis in the cerebral cortex and hippocampus (Coyle et al., 1986; Schmidt-Sidor et al., 1990) . These features are indicative of reduced synaptic function and learning potential in the brain (Marin-Padilla, 1976; Takashima et al., 1981) .
Studies of mouse models of DS reveal that synapses in hippocampal circuits have a reduced capacity to encode new information (Siarey et al., 1997 (Siarey et al., , 1999 (Siarey et al., , 2005 Costa and Grybko, 2005; Kleschevnikov et al., 2004; Hanson et al., 2007) . This loss has been attributed to increased inhibitory tone (Kleschevnikov et al., 2004; Fernandez et al., 2007) , a condition that can be reversed by a short 3 week regimen of GABA A receptor antagonists, allowing mice to regain normal cognitive performance (Fernandez et al., 2007) . At present, it remains unclear how much brain dysfunction in DS is caused by excitatory/inhibitory imbalances versus the alterations in the development of the neuronal circuits that occurs before the onset of sensory experience.
To explore whether trisomy adversely affects early circuit refinement, we searched for possible changes in the developing visual system. This is a classic system wherein retinal ganglion cell (RGC) axons from the two eyes progress from an initially intermingled to segregated arrangement in the lateral geniculate nucleus (LGN) (McLaughlin and O'Leary, 2005; Hooks and Chen, 2006; Huberman, 2007; Huberman et al., 2008) . In both mice and humans (Hevner, 2000) , eye-specific segregation in the LGN happens before eye opening and is regulated by spontaneous activity in the retina, as well as molecular guidance cues Huberman, 2007; Huberman et al., 2008) . Un-derstanding this system is of particular relevance to individuals with DS who in addition to having ocular abnormalities, including strabismus, astigmatism, anisometropia (da Cunha and Moreira, 1996; Wong and Ho, 1997; Haugen and Høvding, 2001) , and inaccurate accommodation (Woodhouse et al., 1996; Cregg et al., 2001) , also have lower visual acuity and contrast sensitivity (John et al., 2004; Suttle and Turner, 2004) . Surprisingly, we found that eye-specific segregation in the dorsal LGN (dLGN) is supranormal in Ts65Dn mice and that this precocious refinement requires triplication of the Down syndrome critical region (DSCR). We also identified the Down syndrome cell adhesion molecule (Dscam) as a novel regulator of retinogeniculate refinement, although other genes in the DSCR are necessary to enhance segregation in trisomy. Intriguingly, Dscam also regulates cell spacing and dendritic fasciculation of intrinsically photosensitive RGCs (ipRGCs) in a dosagedependent manner. These findings suggest that the dosage changes of the DSCR, and Dscam in particular, may contribute to developmental deficits in the refinement of visual circuits in DS.
Materials and Methods
Mouse breeding and genotyping. Segmental trisomy 16 (Ts65Dn) mice were obtained by mating female carriers of the 17 16 chromosome (B6EiC3H-a/A Ts65Dn) with (C57BL/6JEi ϫ C3H/HeSnJ) F1 hybrid males (Davisson et al., 1993) . The Ts65Dn mice are thus maintained on the B6C3H background. Male Dscam ϩ/Ϫ mice were crossed to female B6EiC3H-a/A Ts65Dn mice to generate wild-type (WT) mice with one or two copies of Dscam and trisomic mice with two or three copies of Dscam. In some cases, resulting Dscam ϩ/Ϫ mice were also intercrossed to generate Dscam Ϫ/Ϫ mice. Mice with segmental trisomy (Ts1Rhr) and monosomy (Ms1Rhr) for the DSCR [B6.Dup(16Cbr1-ORF9)1Rhr and B6C3.Del(16Cbr1-ORF9)1Rhr, respectively] were obtained directly from Roger Reeves, and female or male carriers were maintained as an advanced intercross between C57BL/6JEi and C3H/HeSnJ on arrival. Ts1Rhr mice were also crossed to Dscam ϩ/Ϫ mice to generate wild-type mice with one or two copies of Dscam and DSCR trisomic mice with two or three copies of Dscam. Ts65Dn mice were genotyped using quantitative real-time PCR (Liu et al., 2003) with minor modifications as described previously (Hanson et al., 2007) . Ts1Rhr and Ms1Rhr mice were genotyped with the same protocol but using primers and TaqMan probes for the Mx1 instead of the App gene. All mice were genotyped for the presence of the Rd mutation, and only adult mice with wild-type or Rd/ϩ genotype were used in the study. For early developmental time points [postnatal day 4 (P4), P10/P12] animals of all Rd genotypes were used, since no correlation was found between Rd genotype and the described phenotypes. All procedures were in compliance with Administrative Panel on Laboratory Animal Care approved animal protocols from Stanford University.
Labeling of retinogeniculate afferents. Mice were anesthetized with isoflurane and received intravitreal injections of cholera toxin-␤ subunit (CT␤) conjugated to Alexa Fluor 488 (green) or Alexa Fluor 594 (red) as described previously (Bjartmar et al., 2006) with slight modifications. In brief, CT␤ (Invitrogen) conjugated to Alexa Fluor 488 (green label) was injected into one eye, and CT␤ conjugated to Alexa Fluor 594 (red label) was injected into the other eye (2-3 l; 0.5% in sterile saline); CT␤ has no biological activity. At 24 h later, brain tissue was harvested and fixed overnight in 4% paraformaldehyde (PFA), cryoprotected in 30% sucrose, then sectioned coronally at 40 m on a freezing microtome, mounted onto slides, and coverslipped with Vectashield (Vector Laboratories).
Epibatidine injections. Mice received intravitreal injections of epibatidine (diluted in saline, volume of 1 l per eye, 1 mM; Sigma) on P3, P5, and P7 as described previously (Penn et al., 1998; Rossi et al., 2001) . At this concentration/injection regimen, epibatidine silences retinal calcium waves and has a severe impact on RGC firing that prevents eyespecific targeting in ferrets and wild-type mice (Penn et al., 1998; Rossi et al., 2001; Sun et al., 2008) .
Quantification of LGN images. Images were digitally acquired at 10ϫ with a color CCD camera (SPOT). All images were collected and quantified blind to the genotype, and littermate controls were used. Universal gains and exposures were established for each label. Raw images of the LGN were imported to Photoshop (Adobe Systems), binary images were generated, and the threshold was adjusted using a multi-threshold protocol described previously (Muir-Robinson et al., 2002; Torborg and Feller, 2004) . The degree of left and right eye axon overlap was determined for each threshold using the image calculation function to identify pixels present in both channels. This technique is designed to compare overlap across a range of signal-to-noise values in wild-type versus mutant mice. This approach allows for direct statistical comparison of overlap between various strains of mice at different ages. The size of the dLGN, ipsilateral (ipsi), contralateral (contra), and overlap area was determined by importing binary images into NIH ImageJ to measure areas for the different thresholds. Optic tract and ventral LGN were excluded from the analysis by outlining the dLGN with a freehand tool. Unless otherwise stated, two groups (mutant mice vs wild-type littermate controls) were directly compared, and an unpaired two-tailed t test was used to determine statistical significance. Results are graphed as means Ϯ SEM. Left and right LGN were included in the analysis, and each LGN was considered an independent n. Results were typically obtained from at least six LGNs per genotype. The total n for each condition (number of
LGNs per genotype and age) is indicated in the figure legends.
We also used a threshold-independent method to confirm some of the genotypes presented in this study (Torborg and Feller, 2004) . In brief, background fluorescence was subtracted using a rolling-ball filter (NIH Image), and the grayscale was renormalized so that the range of grayscale values was from 0 to 256. IgorPro Software (Wavemetrics) was used to perform a segregation analysis. For each pixel, we computed the logarithm of the intensity ratio, r ϭ log 10 (F I /F C ), where F I is the ipsilateral channel fluorescence intensity, and F C is the contralateral channel fluorescence intensity. We then calculated the variance of the distribution of R values for each section, which was used to compare the width of the distributions across animals. A higher variance is indicative of a wider distribution of R values, which is in turn indicative of more contra-and ipsi-dominant pixels and therefore more segregation. Although this method is a threshold-independent measure of segregation, it is also less sensitive and does not take special correlations into account. Hence, the sharpness of the borders between the ipsi and contra regions will be more apparent using the multi-threshold approach.
Multielectrode array recording. Ts1Rhr and littermate control mice were anesthetized using isoflurane, in accordance with the National Institutes of Health and institutional guidelines regarding animal use, and enucleated. The eyes were transferred to oxygenated artificial CSF (ACSF) containing the following (in mM): 119.0 NaCl, 26.2 NaHCO 3 , 11 glucose, 2.5 KCl, 1.0 K 2 HPO 4 , 2.5 CaCl 2 , and 1.3 MgCl 2 . The retina was dissected out and placed ganglion-cell-side down onto a 60 electrode array (Multi-Channel Systems). The array electrodes are 10 m in diameter, arranged in an 8 ϫ 8 grid (minus 4 corners) with 100 m interelectrode spacing. The retina was held in place on the array with a weighted piece of dialysis membrane and superfused continuously with oxygenated ACSF (ϳ3 ml/min, pH 7.4, gassed with 95% O 2 and 5% CO 2 ) maintained at 32°C.
The voltage trace on each electrode was sampled at 20 kHz and stored for offline analysis. The traces were then pass filtered between 120 and 2000 Hz. Spikes that crossed a threshold of three times the root mean square of the noise on each electrode were sorted according to the two principle components of their voltage waveforms. A valley seeking algorithm was then used to sort spikes clusters into individual units. To verify that each unit identified by this algorithm corresponded to a single cell, units were inspected manually. Furthermore, those that lacked a refractory period in their autocorrelation function were considered contaminated by other neurons and excluded from the analysis. The mean spike rate, r, was calculated by dividing the total number of spikes for each unit by the recording duration, and units whose mean spike rate was Ͻ 1 ⁄10 of the mean firing rate of all cells were excluded from additional analysis to reduce contamination from low spiking cells. After this cut, 20 -45 units were identified per retina for the P5-P7 age group and 60 -100 units for the P11-P13 age group.
Bursts were then identified for each neuron using a modified Poisson surprise method. In this method, spike trains of minimum three spikes whose interspike interval (ISI) was less than half of the mean ISI of that unit were identified. The probability that such a spike train would occur given a Poisson spike distribution was then calculated from
where t is the duration of the spike train (time between the first and last spike under investigation), C is the number of spikes in the train, and r is the mean spike rate of the unit. The spike train was accepted as a burst when its probability of occurrence was Pc Ͻ 10 -4. On identification of bursts, the interburst interval (time between end of one burst and start of the next), burst duration (t), burst firing rate (C/t), and the percentage of time firing (sum of t for all bursts/total length of recording) were computed and averaged for each unit. The medians and quartiles of these parameters were found by grouping the cells according to age and genotype. Differences between medians of different genotypes within each age group were evaluated for statistical significance using a two-sided Wilcoxon's rank sum test, which rejected or confirmed the null hypothesis of equal medians at the 1% significance level. The correlation index was calculated for all cell pairs in each retina using a method described previously (Wong et al., 1993; . The correlation index (CI) is a measure of the likelihood relative to chance that a pair of neurons fire together within a given time window, ⌬t ϭ 0.1 s. It is calculated from
where N AB is the number of spike pairs for which cell B fires within a time Ϯ ⌬t from cell A, N A and N B are the total number of spikes fired by cells A and B, respectively, during the entire recording T (normalization condition), and ⌬t is the correlation time window. The distance between cells was approximated to be the distance between the electrodes on which the activity of the cells was recorded. The cell pairs were grouped according to their intercellular distance, and the median and quartile correlation indices were computed over all cell pairs in a given distance group, for each age and genotype. The median correlation index was then plotted as a function of increasing intercellular distance.
Immunohistochemistry. For retina whole mounts, mice were perfused transcardially with PBS and 4% PFA. Eyes were enucleated and placed in a dish containing PBS. A small hole was made at the junction between the cilliary body and retina with a 30 gauge needle. The eye was hemisected, and the retina was gently teased away from the sclera. Retinas were fixed a second time in 4% PFA for 1 h, followed by a rinse in PBS. Retinas were incubated with primary antibodies in PBS, supplemented with 3% normal horse serum and 0.5% Triton X-100, for 3-5 d at 4°C with gentle rocking. Primary antibodies were washed off overnight in PBS, and the retinas were incubated with secondary antibodies in PBS, 3% normal horse serum, and 0.5% Triton X-100. Retinas were washed for 2-4 h in PBS and were flat mounted. The following antibodies were used in this study: goat anti-Brn3b (1:200; Santa Cruz Biotechnology), mouse antineurofilament (1:50; 2H3; Developmental Studies Hybridoma Bank), rabbit anti-melanopsin (1:10,000; generously provided by Ignacio Provencio, Uniformed Services University of the Health Sciences, Bethesda, MD). Cryostat sections of the retina were immunostained as described previously (Fuerst et al., 2008 (Fuerst et al., , 2009 .
Quantification of cell numbers in the retina. BRN3b-positive cells were counted in the retinal ganglion cell layer of sections of whole-eye cut midsection through the optic nerve. The number of BRN3b-positive RGCs were determined in Ts65Dn, wild-type (Dscam ϩ/ϩ ), Dscam heterozygous (Dscam ϩ/Ϫ ) and homozygous (Dscam Ϫ/Ϫ ) mutants, and Bax homozygous mutants (Bax Ϫ/Ϫ ). Cell numbers were averaged from three sections from each of three retinas per genotype (two from the Bax Ϫ/Ϫ genotype). RGCs in the Dscam Ϫ/Ϫ retina were not infrequently located in the inner plexiform layer and were only counted if they were closer to the retinal ganglion cell layer than the inner nuclear layer.
The presence and frequency of fasciculation, defined as the bundling of melanopsin-positive RGC dendrites such that they run together, was recorded in whole retinas of wild-type mice (Dscam ϩ/ϩ ) and trisomic mice carrying three (Ts65Dn) or two copies (Ts65Dn; Dscam ϩ/Ϫ ) of . a-c, WT animals show a significant degree of overlap between ipsi and contra projections indicated in yellow in the overlap image. d-f, In Ts65Dn mice, ipsi and contra projections are abnormally strongly segregated, resulting in less overlap compared with WT controls. g, The area occupied by contra projections normalized to the total area of the dLGN is significantly smaller in Ts65Dn mice ( p ϭ 0.0001). h, The relative ipsi area in Ts65Dn mice is also smaller across a range of thresholds ( p Ͻ 0.01). i, The relative overlap area is consistently smaller in Ts65Dn mice at several different thresholds ( p Ͻ 0.0001). j, The percentage ipsi area overlapping with contra projections is significantly lower in Ts65Dn mice across all thresholds ( p Ͻ 0.0001). k, l, Merged images show that ipsi and contra projections intermingle to a certain degree at the contra/ipsi border in WT but not Ts65Dn animals. Graphs show the mean Ϯ SEM; n ϭ 8 (WT) and n ϭ 6 (Ts65Dn); two-tailed t test. Scale bar: f, 200 m; l, 100 m.
Dscam. Fasiculation events were rare or absent in retinas of these genotypes, and all fasciculation events observed in a single retina (zero to three) were recorded as a single number. A two-tailed paired t test was performed to compare the frequency of fasciculation events in Ts65Dn retinas compared with Dscam ϩ/ϩ or Ts65Dn; Dscam ϩ/Ϫ retinas. We also compared the total number of melanopsin-positive RGCs and the proportion of cells that had their soma or primary dendrites entangled in a fascicle in
, and Ts65Dn; Dscam ϩ/Ϫ retinas. Melanopsin-positive RGCs were counted in at least three representative fields containing fasciculated cells, which were imaged halfway between the optic disk and periphery of the retina.
Results

Trisomy enhances eye-specific segregation in the dLGN
To determine whether trisomy alters neuronal circuit refinement in the retino-dLGN pathway, we performed whole-eye anterograde labeling of retinogeniculate axons using intraocular injections of fluorescently labeled CT␤ in P11 Ts65Dn mice and wild-type littermate controls and assessed the segregation of RGC axons at P12, which is ϳ2 d before eye opening in the mouse. Contra and ipsi eye termination zones in the dLGN of Ts65Dn mice (Fig. 1d ,e) had a more confined appearance and showed a more sharply segregated pattern ( Fig. 1f ) compared with wild-type littermate controls (Fig. 1a-c) . Contra, ipsi, and overlap areas were measured and normalized to the total dLGN area to account for individual differences in animal growth. The relative contra, ipsi, and overlap area analyzed at several thresholds were all significantly smaller in Ts65Dn animals ( Fig.   1g-i) , as was the percentage ipsi area that overlapped with contra projections (Fig.  1j) . Intriguingly, overlay images from ipsi and contra projections revealed a distinct border between contra and ipsi areas in Ts65Dn mice and a lack of intermingled axons from the two eyes, normally seen in wild-type mice (Fig. 1k,l ) . To further confirm our findings, we used a thresholdindependent method to analyze sections from the same animals (Torborg and Feller, 2004) . The segregation index was higher in Ts65Dn mice compared with wild-type littermate controls, and this difference was statistically significant ( p ϭ 0.001). Together, these data indicate that trisomy (which includes Ͼ100 genes) in Ts65Dn mice enhances eye-specific refinement in the dLGN, a surprising and, to date, unprecedented phenotype in mutant mice.
Enhanced eye-specific segregation emerges first during the period of synaptic refinement and persists into adulthood Differences in segregation patterns could be attributable to defects in RGC axon targeting. To determine whether axon targeting occurs normally, we evaluated Ts65Dn mice and wild-type littermate controls at P4 (Fig. 2a-g ), a time point when RGC axons have reached the dLGN but eye-specific segregation has not begun (Godement et al., 1984; Jaubert-Miazza et al., 2005) . In both control and Ts65Dn P4 mice, contra projections covered the entire and ipsi projections a large portion of the dLGN and showed a high degree of overlap ( Fig. 2a-f ) . Accordingly, the relative overlap area was not significantly different across genotypes (Fig. 2g) . Using the threshold-independent method, we confirmed that the segregation index was not statistically different between P4 Ts65Dn and wild-type controls (p ϭ 0.82). This result indicates that the initial targeting of RGC axons to the dLGN is normal in Ts65Dn mice and suggests that processes that ensue from P4 -P10 underlie the enhanced segregation phenotype.
After eye opening, the eye-specific pattern of retinogeniculate projections is maintained (Jaubert-Miazza et al., 2005; Hooks and Chen, 2006) . To test whether the enhanced segregation phenotype is maintained into adulthood, we analyzed P30 Ts65Dn animals and wild-type controls (Fig. 2h-o) . Similar to P12 animals, adult Ts65Dn animals showed more defined eye-specific territories than wild-type animals (Fig. 2 , k,l and h,i, respectively) and a stronger segregation of ipsi and contra projections in the dLGN (Fig. 2j,m) . The relative overlap area was significantly different from wild-type controls for the three lowest thresholds (Fig. 2n) . For the percentage ipsi area overlapping with contra projections, means were significantly different from controls across all thresholds (Fig. 2o) . The overlay images of ipsi and contra projections confirm less intermingling in Ts65Dn mice compared with wild-type controls (data not shown). The threshold-independent method confirmed a trend toward a higher segregation index in adult Ts65Dn animals compared with Initial targeting of retinogeniculate projections to the dLGN is normal in trisomic animals, and enhanced eye-specific segregation persists into adulthood. Contra and ipsi projections are targeted to the appropriate areas in the dLGN in WT (a-c) and Ts65Dn (d-f ) mice at P4. Contra projections fill the entire and ipsi projections a large portion of the dLGN, leading to substantial overlap shown in yellow (c, f ). g, The relative overlap area shows no significant differences between genotypes at all thresholds analyzed. Compared with WT mice (h-j), adult Ts65Dn mice (k-m) show stronger segregation of contra and ipsi projections and less overlap (j, m). n, The relative overlap area is significantly different between genotypes at the three lowest thresholds ( p Ͻ 0.05). o, The percentage ipsi area overlapping with contra is also consistently different across thresholds ( p Ͻ 0.01). Graphs show the mean Ϯ SEM; n ϭ 7 (WT, P4) and n ϭ 6 (Ts65Dn, P4); n ϭ 8 (WT, P30) and n ϭ 11 (Ts65Dn, P30); two-tailed t test. Scale bar, 200 m.
wild-type controls but did not reach statistical significance ( p ϭ 0.48). The overall density of contra and ipsi projections seemed reduced in the adult, consistent with a period of synapse elimination after the initial eye-specific segregation reducing the number of retinal inputs to LGN neurons from 10 during the first week of life to 2-3 by P15 (Jaubert-Miazza et al., 2005; Hooks and Chen, 2006; Ziburkus and Guido, 2006) . Collectively, these results indicate that trisomy causes enhanced circuit refinement that persists into adulthood.
The DSCR regulates eye-specific segregation in a dose-dependent manner Triplication of the DSCR in humans has been thought to be responsible for most of the DS-specific features such as craniofacial abnormalities and mental retardation (Korenberg et al., 1994) . Reeves and colleagues generated segmental trisomy and monosomy mouse models to test this hypothesis. Ts1Rhr and Ms1Rhr mice carry three and one copy of the DSCR, respectively, whereas all other segments of mouse chromosome 16 triplicated in Ts65Dn mice are present in two copies (Olson et al., 2004) . We thus used the segmental mouse models to test whether the DSCR is involved in eye-specific segregation during early postnatal development (Fig. 3) . Compared with wild-type littermate controls, contra and ipsi areas appeared more refined in Ts1Rhr (Fig.  3a-h ) and less refined in Ms1Rhr mice (Fig. 3i-p) . Ts1Rhr showed less and Ms1Rhr mice more intermingling of ipsi and contra projections compared with their respective wild-type controls (Fig. 3,  d,h and i,p) . Accordingly, the relative overlap area was significantly smaller in Ts1Rhr and significantly larger in Ms1Rhr mice compared with controls (Fig. 3q) . Likewise, the percentage ipsi area overlapping with contra was smaller in Ts1Rhr and larger in Ms1Rhr than in controls (Fig. 3r) . The monosomy phenotype was also present in adult Ms1Rhr mice, indicating that the lack of segregation was not attributable to a developmental delay (see Fig.  8a-f,s) . Consistent with a dosage effect of the DSCR, analysis with the threshold-independent method also showed a comparable trend toward a higher segregation index in P10 Ts1Rhr mice ( p ϭ 0.22) and a lower segregation index in P10 Ms1Rhr ( p ϭ 0.22) compared with their respective wild-type littermate controls. The latter trend reached statistical significance in adult Ms1Rhr mice ( p ϭ 0.02). Together, the data suggest that the DSCR drives eye-specific segregation in a dose-dependent manner.
Ts1Rhr mice have normal retinal wave properties that drive eye-specific segregation in the dLGN During the first 2 postnatal weeks of development, correlated spontaneous retinal activity, which propagates across the retina in the form of waves, contributes to driving dLGN segregation (Katz and Shatz, 1996; Zhang and Poo, 2001 ). Retinal waves have distinct spatial and temporal properties that are critical for normal segregation. Therefore, it is possible that the enhanced segregation we observe in trisomic mice is attributable to an increase in RGC firing during waves. To determine whether Ts1Rhr mice have altered spontaneous firing patterns, we performed multielectrode array recordings on retinas isolated from Ts1Rhr mice and wild-type littermate controls. We focused on two different age ranges, P5-P7 (which is in the middle of the period when eye specific segregation occurs in mice) and P11-P13 (after eye-specific segregation is completed), and found that Ts1Rhr mice have similar spontaneous firing patterns from littermate controls for both age ranges (Fig. 4) .
Spikes produced by individual RGCs were identified as described in Materials and Methods (P5-P7, control, n ϭ 207 cells from 7 retinas; Ts1Rhr, n ϭ 231 cells from 7 retinas; P11-P13, control, n ϭ 332 cells from 4 retinas; Ts1Rhr, n ϭ 290 cells from 4 retinas; all retinas were from different mice). The global firing patterns of individual RGCs were similar between wild-type and Ts1Rhr mice (Fig. 4a) . LGN of WT mice (a-d, i-l ) and animals carrying either three (Ts1Rhr; e-h) or one (Ms1Rhr; m-p) copy of the DSCR: compared with WT littermates, contra and ipsi projections show less overlap in Ts1Rhr (c, g), and more overlap in Ms1Rhr as seen in yellow (l, p). q, The relative overlap area is significantly decreases in Ts1Rhr ( p Ͻ 0.001) and significantly increased in Ms1Rhr ( p Ͻ 0.01) mice across all thresholds. r, The percentage ipsi area overlapping with contra is also reduced in Ts1Rhr animals ( p Ͻ 0.001) and increased in Ms1Rhr mice ( p Ͻ 0.05) when compared with WT controls at all thresholds. Graphs show the mean Ϯ SEM; n ϭ 6 (WT) and n ϭ 6 (Ts1Rhr); n ϭ 8 (WT) and n ϭ 6 (Ms1Rhr); two-tailed t test. Scale bar (in o), 200 m. d, h, l, p, Zoomed-in views of the contra/ipsi border in the dLGN of P10 trisomic and monosomic mice reveal that trisomy (Ts1Rhr) causes contra and ipsi projections to avoid each other's territory, whereas monosomy (Ms1Rhr) prevents segregation of eye-specific projections. Scale bar (in p), 100 m.
To assay spatial wave characteristics, we computed a pairwise correlation index as a function of distance between two RGCs (Meister et al., 1991; Wong et al., 1993; . We found no significant differences between Ts1Rhr mice and littermate controls. In all retinas, over both age ranges, the correlation index was highest for nearest neighbors and fell off smoothly with increasing intercellular distance (Fig. 4b) .
To assay the temporal firing characteristics, we computed the following properties: mean firing rate of isolated RGCs, percentage of time a cell was bursting, interburst interval, burst duration, and firing rate during a burst. These properties were similar in Ts1Rhr mice relative to littermate controls for both age ranges (Fig. 4c) . Together, these recordings demonstrate that enhanced dLGN segregation in Ts1Rhr mice is not attributable to a variation in the spontaneous RGC firing patterns.
Perturbing spontaneous retinal waves prevents eye-specific segregation in trisomic animals
Because cholinergic retinal waves are known to drive eye-specific segregation in the dLGN (Penn et al., 1998; Rossi et al., Figure 5 . Altering spontaneous retinal waves with epibatidine prevents eye-specific segregation in Ts1Rhr mice and wild-type littermate controls. WT (a-c) and Ts1Rhr (d-f ) mice received intravitreal injections of epibatidine (epi) at P3, P5, P7, and P8 and a CT␤ injection at P9. Contra projections (a, d) cover the entire dLGN in WT-epi and Ts1Rhr-epi mice at P10, and ipsi projections are not confined to the ipsi patch in both genotypes (b, e), leading to a complete overlap of the ipsi area with the contra projections (c, f ). Accordingly, no significant differences were observed in the relative ipsi and overlap areas when comparing WT-epi and Ts1Rhr-epi animals (g-i). Graphs show the mean Ϯ SEM; n ϭ 4 (WT), n ϭ 6 (Ts1Rhr); two-tailed t test. Scale bar, 200 m. Table 1. 2001) (for review, see Huberman et al., 2008) , we asked whether perturbing cholinergic wave activity with the pharmacologic agent epibatidine prevents segregation in trisomic animals similar to wild-type controls. Newborn pups received intravitreal injections of epibatidine at P3, P5, P7, and P8, and retinogeniculate projections were subsequently visualized by CT␤ injections at P9. Epibatidine treatment prevented segregation in both wild-type and Ts1Rhr animals (Fig. 5) . Contra projections covered the entire dLGN and did not retract from the ipsi territory in both genotypes (Fig.  5a,d ). Ipsi projection in wild-type and Ts1Rhr dLGN also stayed diffusely distributed and did not accumulate in the ipsi patch (Fig. 5b,e) . As a result of this, there was an almost complete overlap of ipsi with contra projections in both genotypes (Fig. 5c,f ) . The relative ipsi and overlap area as well as the percentage ipsi area overlapping with contra projections were not significantly different between wild-type and Ts1Rhr mice (Fig. 5g-i) . Using the threshold-independent method, we confirmed that the segregation index is not statistically different between epibatidinetreated Ts1Rhr and wild-type littermate controls ( p ϭ 0.94). These results indicate that the enhanced eye-specific segregation of retinal RGC axons observed in trisomy cannot occur without correlated retinal activity during early refinement.
Dscam mutant mice show altered eye-specific segregation in the dLGN
Eye-specific segregation relies of normal spontaneous RGC activity, but molecular cues have been implicated in this process as well (Huberman et al., 2008) . One interesting molecule within the DSCR that could potentially mediate the enhanced circuit refinement we observed is the Down syndrome cell adhesion molecule (Dscam). First, in Drosophila, Dscams are found to function in dendritic (Hughes et al., 2007; Matthews et al., 2007; Soba et al., 2007) and axon (Millard et al., 2007) tiling, which reflect segregation of dendrites and axons. Second, in mice, Dscam maintains the regular spacing of cell bodies and prevents dendrite fasciculation among homotypic amacrine and ganglion cells (Fuerst et al., 2008 (Fuerst et al., , 2009 . Finally, in chickens, Dscam can direct lamina-specific connections in the inner plexiform layer of the retina (Yamagata and Sanes, 2008) , indicating a fundamental role for Dscam in distinguishing/defining target neurons and self. Dscam is expressed in nearly all RGCs in the mouse retina as well as in the LGN (Barlow et al., 2002; Fuerst et al., 2009 ) and, given the phenotypes seen in mice carrying three versus one copy of the DSCR, we asked whether Dscam also contributes to axon refinement in the dLGN in the context of DS.
We first assessed eye-specific segregation in adult Dscam heterozygous and homozygous mutant mice (Fuerst et al., 2008) . Although Dscam wild-type controls (Dscam ϩ/ϩ ) showed normal eye-specific segregation (Fig. 6a-c) , heterozygous (Dscam ϩ/Ϫ ) and homozygous (Dscam Ϫ/Ϫ ) Dscam mutant mice revealed distinct phenotypes in the dLGN. Dscam ϩ/Ϫ showed a lack of segregation (Fig. 6d-f ) similar to Ms1Rhr mice (Fig. 3m-p) . Dscam Ϫ/Ϫ mice, conversely, exhibited an altered pattern of segregation (Fig.  6g-i) , in which ipsi projections to the dLGN appeared to segregate into more than one ipsi patch similar to phenotypes observed in animals with altered ephrin signaling (Huberman et al., 2005; Pfeiffenberger et al., 2005) . The relative contra area was significantly larger in Dscam ϩ/Ϫ mutants compared with both Dscam ϩ/ϩ controls and Dscam Ϫ/Ϫ mutants (Fig. 6j) . The relative ipsi area was significantly different among all three genotypes (Fig. 6k) . The relative ipsi area overlapping with contra projections was significantly larger in Dscam ϩ/Ϫ mutants compared with both Dscam ϩ/ϩ and Dscam Ϫ/Ϫ mice (Fig. 6l ). In addition, using the threshold-independent method, we found that the segregation index was significantly lower in wild-type controls at postnatal day 15 ( Fig. 7a-d) . We did not observe statistically significant differences in BRN3b-positive RGC numbers in Ts65Dn, Dscam ϩ/ϩ , or Dscam ϩ/Ϫ animals ( Fig.  7e-h,j) , suggesting that the observed LGN phenotypes are not attributable to an altered number of axons projecting from the retina to the LGN at this age (Fuerst et al., 2009 ). There is a statistically significant increase, however, in the number of BRN3b-positive RGCs in the Dscam Ϫ/Ϫ retina (Fig. 7i,j) possibly contributing to the LGN segregation difference between Dscam ϩ/Ϫ and Dscam Ϫ/Ϫ mice (Fuerst et al., 2009) . Together, the results reveal that, in addition to its roles in patterning cell spacing in the retina, Dscam is a key mediator of eye-specific patterning in the dLGN.
Dscam dosage affects normal circuit refinement in the dLGN
An important question raised by the previous experiment is whether it is the triplication of Dscam that is solely responsible for the altered regulation of eye-specific segregation in trisomic mice. To explore this issue, we crossed heterozygous Dscam mutant mice to Ts65Dn mice to generate wild-type mice (WT; Dscam ϩ/ϩ ), wild-type mice with only one copy of Dscam (WT; Dscam ϩ/Ϫ ), and trisomic mice with three (Ts65Dn; Dscam ϩ/ϩ ) or two (Ts65Dn; Dscam ϩ/Ϫ ) copies of Dscam. We then assessed eye-specific segregation in adult animals (Fig. 8) . Compared with WT; Dscam ϩ/ϩ controls, WT; Dscam ϩ/Ϫ mice showed a lack of eye-specific segregation. Contra projections were visible in most of the dLGN area in WT; Dscam ϩ/Ϫ mice but had primarily retracted from the ipsi area in WT; Dscam ϩ/ϩ (Fig. 8g-l ) . The same phenotype was observed in adult Ms1Rhr mice carrying only one copy of the entire DSCR compared with wild-type controls (Fig.  8a-f ) . Overlay images confirmed a larger degree of intermingling of projections at the contra/ipsi border in adult Ms1Rhr mice (data not shown). Accordingly, the relative ipsi area overlapping with contra was significantly larger in WT; Dscam ϩ/Ϫ and Ms1Rhr mice compared with the respective wild-type controls (Fig. 8s,t) . A significant increase in the relative contra area was observed in WT; Dscam ϩ/Ϫ animals, consistent with the contra projections covering most if not all of the dLGN (data not shown). Consistent with our results in adult Ts65Dn mice (Fig.  2) , trisomic mice with three copies of Dscam (Ts65Dn; Dscam ϩ/ϩ ) showed more segregation than wild-type controls (Fig. 8m-o) . Reducing Dscam to two copies in the context of the full trisomy (Ts65Dn; Dscam ϩ/Ϫ ), however, did not rescue the wild-type phenotype (Fig. 8p-r,u) . These data suggest that other genes in the trisomic region are necessary in addition to Dscam to generate the enhanced segregation phenotype.
To eliminate the influence of a large number of triplicated genes in Ts65Dn mice and to focus on the effect of Dscam dosage in the context of the DSCR, we crossed Ts1Rhr mice with heterozygous Dscam mutants to generate wild-type mice (WT; Dscam ϩ/ϩ ), wild-type mice with only one copy of Dscam (WT; Dscam ϩ/Ϫ ), and DSCR trisomic mice with three (Ts1Rhr; Dscam ϩ/ϩ ) or two (Ts1Rhr; Dscam ϩ/Ϫ ) copies of Dscam. Eye-specific segregation in the dLGN was then assessed at P10. Similar to our results in the adult Ts65Dn-Dscam cross, we observed that reducing Dscam dosage to one copy in wild-type animals inhibited eye-specific segregation (Fig. 8v) . However, reducing Dscam to two copies in the context of a triplicated DSCR did not prevent the over-segregation phenotype (Fig. 8w) . Interestingly, analysis with the threshold-independent method showed a trend toward a lower segregation index in Ts1Rhr mice with corrected Dscam levels (Ts1Rhr; Dscam ϩ/Ϫ ) compared with trisomic animals with (Fig. 9) . Although several cell types, including cholinergic amacrine cells and smi-32-positive RGCs, showed no change in lamination or spacing when comparing wild-type, Dscam ϩ/Ϫ , and Ts65Dn retinas (Fig. 9a-c) , dendrite arborization and soma spacing of melanopsin-positive ipRGCs were highly sensitive to Dscam dosage (Fig. 9d-l) . ipRGCs are a heterogenous population of cells, and, in Dscam ϩ/ϩ controls, ipRGC somata are distributed across the RGC layer of the retina with very little fasciculation of their dendrites (Fig. 9d) . We observed fascicles in 4 of 12 retinas, with seven sets of fasciculated cells (Fig. 9g) . Increased gene dosage of Dscam as present in (Ts65Dn) mice prevented dendrite fasciculation entirely (Fig. 9e,h ). We observed no fascicles in 18 retinas examined, and this result was statistically different from wild-type mice. Importantly, reducing Dscam to wild-type levels in the context of trisomy of all the other genes in Ts65Dn; Dscam ϩ/Ϫ mice brought the degree of fasciculation back to wild-type levels (Fig. 9f,i) . We observed fascicles in 6 of 14 retinas, with 11 sets of fasciculated cells, which was statistically different from Ts65Dn mice.
Conversely, reducing the gene dosage of Dscam to one copy in the heterozygous mutants (Dscam ϩ/Ϫ ) led to a dramatic increase in fasciculation of dendrites in every retina examined (Fig. 9j) . Fasciculation was most prominent in the peripheral retina, and a significant fraction of ipRGC dendrites were incorporated into fascicles (Fig. 9j,m) . Similar to the Dscam ϩ/Ϫ heterozygous mutants, in Ms1Rhr mice, which carry one copy of the DSCR including Dscam, every retina examined showed extensive fasciculation of dendrites (Fig. 9k,m) . In Dscam Ϫ/Ϫ null mutants, every retina showed almost complete fasciculation of dendrites, and extensive aggregation of cell bodies was observed (Fig. 9l,m) . Together, the results suggest that wild-type levels of Dscam are necessary to prevent dendritic fasciculation of some RGCs, and this effect is sensitive to both increased and decreased Dscam gene dosage.
Discussion
In developmental intellectual disabilities such as DS, differences in neuronal circuit formation during development are likely to contribute to altered brain function later in life. Over the past decade, we have gained insight into mechanisms underlying deficits in the mature and aging nervous system by using the Ts65Dn mouse model of DS. Here, we report for the first time an effect of trisomy on developmental refinement of CNS circuits. Surprisingly, we observed that retinogeniculate refinement during development is markedly enhanced in the trisomic condition. Furthermore, it is regulated by the dosage of one or more genes in the so-called Down syndrome critical region, or DSCR (a genomic segment of ϳ30 genes on human chromosome 21 and mouse chromosome 16), and these circuit changes persist into adulthood. The effects are not attributable to altered properties of spontaneous retinal waves arguing for a molecular cause. Our studies of Dscam indicate that it is a key regulator of circuit refinement in the LGN, yet it is not solely responsible for the altered segregation of retinal axons in mouse models of DS. In fact, our data indicate the DSCR must contain additional genes that contribute to visual system impairment in DS.
A critical role for the DSCR in developmental circuit refinement
In the past, triplication of the DSCR has been considered essential for the generation of the most salient features of DS, including craniofacial dysmorphology, congenital heart defects, and cognitive impairment (Korenberg et al., 1994; Barlow et al., 2001) . A series of studies in mice by Roger Reeves and colleagues have elegantly shown that the triplication of the DSCR alone is not sufficient to generate craniofacial abnormalities (Olson et al., 2004) , nor does it lead to reduced longterm potentiation in the CA1 area of the hippocampus or learning deficits in some behavioral tasks (Olson et al., 2007) . Conversely, many of the anatomical and electrophysiological phenotypes observed in the dentate gyrus of Ts65Dn mice seem to be reproduced, although to a lesser degree, in Ts1Rhr mice (Belichenko et al., 2009) . Our current study provides strong evidence that the copy number of several genes encoded by the DSCR contribute to normal circuit formation and maturation in the developing visual system, influencing the degree of segregation of axonal projections in the dLGN. This region also regulates the number of intestinal tumors in a gene-dosage-dependent manner (Sussan et al., 2008) .
Dscam gene dosage and circuit refinement in the visual system Circuit refinement in the developing visual system is regulated by both activity and activity-independent mechanisms (Huberman et al., 2008) . The three families of molecules that have been identified as being involved in eye-specific refinement are immune system molecules: class I major histocompatibility complex genes (Huh et and Ullian, 2010), and components of the classical complement cascade (Stevens et al., 2007) . Mutant mice lacking these immune molecules fail to undergo eye-specific segregation of retinal axons during development. In our study, the 1.5-fold overexpression of one or more genes on the DSCR (in Ts65Dn and Ts1Rhr mice) leads to a more pronounced segregation, whereas genetically reducing the DSCR to one copy (0.5-fold expression in Ms1Rhr mice) inhibits segregation. None of the abovementioned molecular players are located on chromosome 21 in humans or chromosome 16 in mice, suggesting that the DSCR contains new candidate genes responsible for the observed phenotype.
Dscam, one of the 33 genes on the DSCR, is a neuronal cell adhesion molecule of the Ig superfamily shown to be involved in the formation of neuronal circuits in Drosophila (Hughes et al., 2007; Matthews et al., 2007; Millard et al., 2007; Soba et al., 2007) , chickens (Yamagata and Sanes, 2008) , and mice (Fuerst et al., 2008 (Fuerst et al., , 2009 . Our study provides evidence that circuit refinement is sensitive to Dscam gene dosage. For example, the loss of one copy (Dscam ϩ/Ϫ or Ms1Rhr) clearly leads to a defect in segregation of RGC axons in the LGN and to fasciculation of ipRGC dendrites in the retina, which account for 10% of RGCs during early postnatal development (Sekaran et al., 2005; Tu et al., 2005) . The contribution of increased Dscam gene dosage to the trisomy phenotype is less definitive but is supported by the restoration of normal (wild-type) levels of ipRGC dendrite fasciculation in the trisomic retina with corrected Dscam copy number (Ts65Dn; Dscam ϩ/Ϫ ).
Possible mechanisms for enhanced eye-specific segregation in trisomic animals
The segregation of axons in the LGN requires normal waves of spontaneous activity in RGCs even before eye opening (Feller et al., 1996; Penn et al., 1998) . This suggests that Ts65Dn and Ts1Rhr mice might have increased firing correlation in their RGCs, whereas Dscam ϩ/Ϫ or Ms1Rhr mice have a decrease in correlated firing. Dscam could affect this activity-dependent pruning by influencing synaptic efficacy and trans-synaptic signaling, as suggested by recent results in Aplysia (Li et al., 2009) . Our results reveal that the properties of cholinergic as well as glutamatergic spontaneous retinal waves are unaltered in Ts1Rhr mice, suggesting that circuit activity within the retina that normally drive circuit refinement in LGN is intact. This concept is supported by the results of altering waves with epibatidine, a condition which completely disrupts the segregation of retinogeniculate projections in Ts1Rhr mice. Together, these data make a strong case that, as during normal development, circuit activity in the trisomic visual system works in tandem with molecular cues, such as Dscam, in the segregation of retinal axons.
Although retinal waves appear normal in mouse models of DS, it is possible that more subtle changes in the anatomy (e.g., arborization retinal ganglion cells dendrites), cell number, or function of the retina could affect the refinement of axons in the LGN of trisomic mice. For example, in mice lacking CD3, RGCs do not arborize normally and LGN segregation is impaired (Xu et al., 2010) . Intriguingly, RGC dendrite arborization is Dscam dependent (Fuerst et al., 2008 (Fuerst et al., , 2009 ) and as shown here sensitive to Dscam dosage. This raises the possibility that Dscam-dependent retinal dendrite arborization could contribute to alteration in the refinement of retinal axons in the LGN.
In theory, changes in RGC number at early postnatal ages could also influence axon segregation by offsetting the normal balance of ipsi-contra competition. The Dscam loss-offunction allele does result in a decrease in developmental cell death in the retina (Fuerst et al., 2008 (Fuerst et al., , 2009 Huberman, 2009) , and other genes in the DSCR such as Dyrk1A also affect cell number (Fotaki et al., 2002; Laguna et al., 2008) . However, other mutations that more than double the number of RGCs do not alter eye-specific targeting (Yakura et al., 2002) , making changes in RGC number unlikely to account for the phenotypes described here. Most importantly, we did not find evidence for significant changes in RGC numbers in P15 wildtype, Dscam heterozygous mutant mice, or trisomic mice in this study.
Dscam is also a netrin receptor and can function in axon guidance (Ly et al., 2008) , suggesting another possible mechanism by which Dscam can facilitate LGN segregation, although no changes in RGC pathfinding out of the eye and to the dLGN were observed, despite the fact that netrin-DCC (deleted in colorectal cancer) signaling is critical for RGC axon pathfinding at the optic disk (Deiner et al., 1997) . Given the known effects of Dscam on dendrite fasciculation in the retina (Fuerst et al., 2008 (Fuerst et al., , 2009 , hypersegregated axons in trisomic mice could be attributable to enhanced fasciculation of RGC axons originating from the same eye.
Visual deficits in Down syndrome: a role for defective circuit refinement? Ocular abnormalities (da Cunha and Moreira, 1996; Wong and Ho, 1997; Haugen and Høvding, 2001 ) and inaccurate accommodation (Woodhouse et al., 1996; Cregg et al., 2001) are more common in people with DS. Several studies, conversely, suggest that these ocular abnormalities do not entirely explain poor visual function. When using visual-evoked potentials and behavioral measures, visual acuity and contrast sensitivity were lower in children with DS even when children with ophthalmic anomalies were excluded (John et al., 2004; Suttle and Turner, 2004) . Few reports address neuroanatomical abnormalities in the visual pathway in DS (Takashima et al., 1981) . Becker et al. (1986) showed that dendritic arborization in the visual cortex of individuals with DS were greater than normal early in infancy but less than normal by the age of 2 years. This suggests that dendrites in the visual system of humans with DS might undergo developmental pruning stronger than seen in healthy individuals. In the Ts65Dn mouse model of DS, visual deficits were assessed by patterned visual-evoked potentials. Similar to humans with DS, deficits in spatial resolution, contrast threshold, and luminance threshold were reported (Scott-McKean et al., 2010) . Together, our results imply that anatomical circuit changes may contribute to visual deficits seen in DS. 
